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The  fact  that  temperature plays  a  large  part  in  the  production 
of  light  by  luminous  bacteria  has  been  noted  by  the  majority of 
observers  who  have  identified  new  forms  since  Pfliiger  described 
the first form in 1875.  In practically all of these descriptions there 
have  appeared  the  temperature limits  at  which the bacteria might 
live,  and  side  by  side  with  these  are  given  the  temperature limits 
for the production of the light.  However, nothing has been recorded 
of the relation which exists between the temperature and the bright- 
ness of the light,  the  former reports being confined entirely to  the 
limits  at  which  the  process  might  be  carried on.  The  purpose  of 
this paper is  to  show the relation existing between the temperature 
and  the intensity of the light of luminous bacteria. 
The minimum temperature for light production in  the bacteria is, 
as  a  rule,  very low  (in  some cases about  -20°C.),  due perhaps  to 
the  fact  that  the  organisms  are  of such minute size  that  the  sub- 
stances  within  them  are  contained in  capillary spaces,  a  condition 
tending to lower the freezing point.  Whereas a  few degrees rise in 
temperature above that of the optimum for the production of light 
rapidly  brings  a  complete loss  of the photogenic  function and  the 
death of the cell, the temperature of liquid  air can be  tolerated  by 
the  bacteria  for a  period of  several  hours  (Macfadyen),  the  light 
* This is the second of a series of papers which the writer intends to publish 
on the reactions of luminous bacteria to varying conditions  of environment.  The 
first paper was published in collaboration  with Dr. E. N. Harvey in J. Gen. Phys- 
iol., 1923-24, vi, 13. 
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returning  when  the  bacteria  are  again  brought  to  ordinary  tem- 
peratures.  Since the literature on the temperature limits  for lumi- 
nous bacteria is too extensive to be incorporated in a  paper of this 
nature,  the  reader  is  referred  for  a  treatment  to  Harvey's  book, 
"The nature of animal light." 
Beijerinck,  who  has  studied  many  forms  of  luminous  bacteria, 
finds that  the luminescence ceases with  death of the organism and 
that  the luminescence is  independent of the  respiration.  He is  of 
the  opinion  that  the  luminescence is  produced  at  the  moment of 
the  conversion of  peptone  into  living  protoplasm.  Later  observa- 
tions by B.  Fischer, Forster, Lehmann, Tollhausen, and others upon 
the production of light at or below 0°C., a point too low for growth, 
hardly seem to agree with this view of the vital nature of lumines- 
cence.  Still  later observers,  notably Dubois,  and Harvey  (b),  find 
that  in  some  forms  other  than  bacteria  the production  of light  is 
due  to  the  oxidation  of  a  protein-like  substrate,  luciferin,  in  the 
presence of an enzyme, luciferase. 
Although these two substances have been found to  be the active 
elements in  several forms, yet one of these, luciferin, has  not been 
definitely isolated  from the bacteria.  In 1920 Gerretsen published a 
paper on the reaction of luminous bacteria to ultra-violet light.  In 
this paper, aside from his observations on the effect of the radiations, 
he describes the method of isolation of the enzyme luciferase, and is 
led to  the conclusion that  the substance is  of the same  nature  as 
the  luciferase in  other  forms.  However,  thus  far  the  presence of 
the  substrate  has  not  been  definitely proven.  Although luminous 
bacteria which have been thoroughly ground up and dried will give 
a  faint luminescence when mixed with fire-fly luciferase (Harvey, c), 
there are other substances, such as the non-luminous portions of the 
fire-fly, which will give the same result.  It is highly probable  that 
in the bacterial cell the luciferin is in some very unstable form which 
prevents  its  isolation,  spontaneous  oxidation  taking  place  as  soon 
as it comes in contact with the air.  Regardless of the fact that there 
is no  absolute proof  for the  presence of luciferin in the  bacteria,  I 
do  not believe that  it would be  amiss to  consider  the phenomenon 
of light  production  as  being  due  to  the  presence of both  of  these 
substances.  In view of the work which has been done on the pro- TIIOMAS  F.  MORRISON  743 
duction of light by other forms, it is almost impossible to make an 
exception of  these  organisms.  Therefore, in  this  work  the  funda- 
mental assumption is made that the process is enzymic in nature. 
Apparatus  and Methods. 
The photometer bench designed by Hyde and  Cady and  used  in 
the  Nela  Research Laboratories  was  used  as  the  foundation  for 
the apparatus.  Near one end of the bench was mounted a  6-8 volt 
21  c.p.  auto  headlight  lamp  through  which  the  current  could  be 
varied by means of rheostats  controlled by the observer.  An am- 
meter was placed in series with  the lamp and read by an assistant 
in  an  adjoining room. 
Next  to  the lamp  was  placed  a  black  plush  screen of the  usual 
photometric design.  Across the opening of the screen were fastened 
two filters:  a neutral gray, 10 per cent Wratten filter, and a mercury 
green  (No.  62)  Wratten filter.  The  purpose  of the former was  to 
permit the lamp to  be run at a  sufficiently high temperature to re- 
duce the color differences of the filament, and yet to bring the inten- 
sity of the light down to that of the bacteria.  The latter served to 
match the color of the lamp with that of the light of the bacteria. 
In front of the screen was placed a diffusing surface, and in  front 
of that a  comparison cube.  This comparison cube consisted of two. 
90  °  angle prisms  cemented together along  their hypothenuses with 
their adjacent sides silvered in bands, in such a manner that a beam 
of light passing at right angles to the observer's line of vision would 
be reflected toward him, while a  source  of light directly in front of 
him would be transmitted uninterruptedly to him.  The two sources 
of light would then appear as parallel bands of light, a band of trans- 
mitted light being bounded above and below by two equally broad 
bands  of reflected light.  The  comparatively large  surface covered 
by these two bands of light greatly facilitates comparing the intensi- 
ties of weak lights of the same color. 
On the opposite side of the cube from the observer was placed a 
container for  the  bacteria.  This  container consisted of two  parts: 
a  small,  rectangular glass  bottle  (inside width  39  mm.)  and a  sur- 
rounding metal water bath.  In one side of the water bath  a  hole 
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window.  The  bottle,  containing  the  bacteria  suspended  in  a  bal- 
anced salt solution, was placed next to the window so that  the light 
which  the bacteria emitted could be observed through  it. 
A  copious  supply  of  air  was  bubbled  through  the  suspension  at 
all  times  in  order  to  obviate  any  possibility  of  a  decrease  in  the 
intensity of the light due to insufficient supply of oxygen.  Likewise, 
an even distribution of the temperature in the water bath was insured 
by passing a  stream of air through  the water. 
A  centigrade  thermometer,  graduated  in  fifths  of  degrees,  was 
placed in  the  bottle  containing  the  bacteria  and  all  of the  readings 
made on it. 
The  comparison  lamp  was  measured  in  terms  of  millilamberts 1 
by means  of a  Macbeth  illuminometer.  Measurements  were made 
from  the  side of the  cube toward  the  observer and  then  plotted  as 
a  function of the current  through  the  lamp.  The absorption of the 
screens was also measured at  varying  temperatures  of the lamp and 
the  percentage  transmission  taken  into  account  when  the  results 
were  tabulated. 
The  species of bacteria  used in  these  experiments  was Bacterium 
phosphorescens,  isolated  from  fish  obtained  at  the  Princeton  Fish 
Market during the fall of 1923 and identified by means of Gotham's 
chart  after  Dahlgren.  The  light  of  this  form  is  yellow-green  in 
color,  the most intense  part  of the  spectrum  lying in  the  neighbor- 
hood of 510 ~.  For experimental purposes the bacteria were grown 
on  large  enamel  pie  plates,  the  organisms  being  scraped  from  the 
medium  and  then  suspended  in  a  balanced  salt  solution  of pH  of 
approximately  7.7  and  isotonic with  sea water. 
A typical experiment would be carried out in the following manner: 
after the bacteria had been scraped from the medium and suspended 
in  the  salt  solution,  they  were placed  in  the  bottle  which  in  turn 
was placed in  the  water bath  and  the  entire  piece mounted  on  the 
photometer.  The temperature of the water in the bath was lowered 
1  The lambert is the unit  of brightness.  When a surface, obeying Lambert's 
cosine law, emits or reflects one lumen per sq. cm. its brightness is said to be one 
lambert.  For the definitions of other physical light units, the reader is referred 
to  the  report  published by the  Illuminating  Engineering Society, New  York, 
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by the addition of ice until it had brought  the temperature of the 
suspension to such a point  that  the intensity of the light could just 
be read with ease on the comparison cube.  This point was approx- 
imately 2°~2.  A  comparison would then be made and the observer 
would call out the temperature to the assistant in the next room who 
would  then  read  the  ammeter and  tabulate  the  data.  When  the 
temperature had been lowered to the desired point and a  comparison 
made, some ice would be removed from the bath and the tempera- 
ture allowed to  rise slowly, readings being taken at as frequent in- 
tervals  as  possible  during  the  rise  and  the  results  tabulated.  As 
the temperature approached that of the room it  was  found that  the 
rate  of increase was  considerably slowed  down.  To  eliminate  the 
error due to keeping the bacteria at one temperature for too long a 
time,  a  low flame was placed under the water bath  and the water 
slowly  heated,  the  higher  temperatures being  obtained  by  raising 
the  flame.  During  the  course  of  one  experiment,  lasting  about 
2 hours, as many as sixty values might be tabulated. 
RESULTS. 
In luminous bacteria one finds a  happy combination for a  study 
of this nature.  Not only are they of interest from the point of view 
of their light production, but also one finds here an organism in which 
energy is emitted in  an easily measurable form, and,  when taken as 
an index of a  vital phenomenon, can be subjected to a  great variety 
of environmental changes, and a  study made of the effects of these 
changes on the rate of reaction. 
Both  at excessively high and at very low temperatures the light 
emitted by the organisms appears yellower in color than that around 
the  optimum  temperature.  Whether  there  is  an  actual  change in 
the  quality of the light,  or  whether this  is an example of the Pur- 
kinje phenomenon, has not been determined as yet, due mainly to 
the  difficulties encountered in  attempting  a  spectroscopic examina- 
tion  of  lights  of  such  low  intensities.  However,  Harvey  (d)  has 
noted a  similar change in the color of the light of the fire-fly and of 
ostracods,  but only at  high  temperatures,  and he has  come to  the 
conclusion that the change is a real one and not subjective. 
In Fig.  1 the actual points  determined during  the  course of one 746  LUMINOUS  BACTERIA.  II 
experiment  are  shown.  Here  the  intensity  of  the  light  is  plotted 
along the ordinate as a function of the temperature, plotted along the 
abscissa.  The form of the curve is similar to that obtained for other 
processes  in which  temperature  is one of the variables. 
It will be noted  that  in  the  neighborhood  of the maximum  there 
are points which lie at some distance from the smoothed curve.  At 
first this was thought  to have  a  special significance,  and  as a  result 
several experiments were performed to see if there were any changes 
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Fro. 1.  Curve with experimental points from one emulsion of bacteria showing 
relation between brightness and  temperature. 
in  the  intensity  of  the  light  at  these  points.  The  temperature  in 
these experiments was maintained  at a  constant value over a  period 
of 2  to 3 hours;  the result of such an experiment is shown in Fig. 2. 
It will be seen that  the variations which  appear in Fig.  1 lie well 
within  the limit of error of setting.  To my mind no other explana- 
tion  of these  variations  can  be given.  In  calibrating  the  compari- 
son lamp  in  terms  of photometric  units  against  the  current  which 
passes  through  it,  one  obtains  a  curve which  rises  quite  rapidly  at THOMAS  1  ~.  MORRISON  747 
first, but which gradually approaches a  line running parallel to  the 
abscissa as the higher intensities  are reached.  It is easily seen that 
when one reads the difference in  current, which is plotted  along the 
ordinate,  the lower values will  not  give  a  very great difference in 
millilamberts,  which  are  plotted  along  the  abscissa,  while  a  cor- 
responding small difference in current at a higher value will give far 
larger differences in intensity.  Thus a  difference between 350  and 
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FIG. 2.  Curve showing how the brightness of a bacterial emulsion varies with 
time.  Note that the brightness is practically uniform for 2 hours. 
352  milliamperes will give a  difference in intensity of only 2  milli- 
lamberts,  while  a  corresponding  difference  between  450  and  452 
milliamperes will give a  difference in  intensity of  11  millilamberts. 
In common with a good many physiological processes the produc- 
tion of light has a  temperature coefficient which does not follow the 
rule  of  temperature  coefficients laid  down  by  van't  Hoff.  From 
the data furnished by this  experiment, the Q~0 for the process was 
calculated from the van't Hoff formula as modified by Synder: 748  LUMINOUS  BACTERIA.  II 
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Substitution of the values from the experiment in this equation gives 
the following list of values for Q~0. 
TABLE  I. 
Temperature  Qt o  Q~o  QLo 
interval.  June 28.  June 30.  July 3.  Average. 
°c. 
2-12 
3-13 
4-14 
5-15 
6-16 
7-17 
8-18 
9-19 
10=20 
11-21 
12-22 
12.72 
11.2 
11.7 
10.80 
!0.00 
9.67 
8.52 
6.95 
5.62 
4.72 
3.90 
12.71 
11.35 
11.63 
10.90 
9.97 
9.68 
8.50 
6.94 
5.61 
4.76 
3.89 
12.71 
11.25 
11.69 
10.85 
10.02 
9.65 
8.51 
6.92 
5.65 
4.72 
3.92 
12.71 
11.23 
11.67 
10.85 
9.99 
9.66 
8.51 
6.93 
5.63 
4.73 
3.90 
In  Table  I  the  values  for  the  temperature  coefficients are  given 
for  three  quite  typical  experiments.  It  will  be  seen  that  there  is 
very close agreement  between the  several values  for the  same  tem- 
perature.  In the last column are given the averages for these values. 
Also it will be noted that in all of the experiments with an increase 
in temperature there is a marked decrease in the values of the coeffi- 
cients,  similar  to that  found in other physiological processes.  That 
this is not the case in the great majority of ordinary chemical  reac- 
tions  is well known,  for in  these  the  temperature  is  more  nearly  a 
constant  equal  to  about  2.5.  If  we  assume  that  the  intensity  of 
the  light  depends  upon  the  reaction  velocity  in  the luciferin-lucif- 
erase  system,  then  the  discrepancy  in  the  temperature  coefficients 
must be explained.  It is possible, indeed probable, that some factor 
other  than  the  reaction  velocity  determines  the  intensity  of  the 
light,  and that  the observed curve is the resultant of these two reac- 
tions. 
The  use  of  the  critical  thermal  increments,  the  ~  of  Arrhenius, THOMAS  F.  MORRISON  749 
for biological reactions in which the velocity of a  reaction is a  func- 
tion of the temperature has been discussed at some length by Crozier. 
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Fro. 3.  Data of Fig.  1 plotted  as log brightness  against  the  reciprocal  of  the 
absolute temperature. 
This author is of the opinion that by using the thermal increment 
rather  than  the  temperature coefficient  reactions  may  be  grouped 
into classes according to the values which they give.  In view of this 750  LUMINOUS  BACTERIA.  II 
work  it  was  thought  advisable  to  plot  the  results  in  the  manner 
which he  suggests.  The  curve resulting  from  such  a  procedure is 
shown in Fig. 3. 
At once one is  struck with  the similarity between this curve and 
some which Crozier shows for other biological processes.  There is 
the  same  intersection  of  straight  lines  which  he  found,  the  only 
difference being  that  here the  lines  cross  at  a  lower point  (about 
8°C.)  than  that  found  in other reactions.  This, however, may be 
explained  on  the  ground  that  the  optimum  temperature  for  this 
reaction is at a lower point than that of ordinary biological reactions 
and one might therefore expect the break to occur at a  lower temper- 
ature  than in  the processes analyzed by Crozier.  ~  calculated from 
the Arrhenius equation 
(4- 
K2  =  K1 e 
gives a  value of 22,440 for the lower curve and 16,590  for the upper 
curve. 
DISCUSSION. 
What  processes  actually  take  place  within  cells  have  been  the 
subject of many biological papers, but at this time our knowledge of 
these  processes  has  barely passed  the  observational  stage,  and  we 
are  still  in  the  dark  as  to  the sequence of events and  the  relative 
importance of the intermediate steps  in  the formation of an inter- 
cellular  compound.  In  a  reaction,  such  as  the  one  considered in 
this paper, one is justified in using some outstanding and characteris- 
tic feature as an index of the reaction velocity of the underlying proc- 
ess.  In this  case it is the production of light, but to say that when 
one measures the intensity of the light he is measuring the velocity 
of the light reaction only,  would be erroneous, I  believe.  Although 
the production  of light  by living  bacteria is  in  no  way connected 
with  their  respiration,  it  is  closely connected with  their  metabolic 
processes  and  ends  with  their  death,  so  that  changes which affect 
their metabolic activities  would  affect, of necessity, the  production 
of light.  Thus  we  obtain,  I  believe,  a  curve which is  not  that  of 
the  simple  light  reaction  itself,  but  rather  the  resultant  curve  of THOMAS  F.  ~IORRISON  751 
several processes which go  on  simultaneously in  the  bacterial  cell. 
Indeed this  view is  substantiated  by the  form which the  curve in 
Fig. 3 takes.  As Crozier has pointed out, this type of curve may be 
taken as representing a  complex reaction,  each separate portion of 
the curve representing control by a  separate reaction which is going 
on and which will influence the rate of the  principle activity, that 
of the production of light. 
As  a  general  rule  chemical reactions  are  increased by  a  rise in 
temperature in a  manner that has been shown by van't Hoff to be 
equal to two- or threefold for every 10  °  interval.  If such  reactions 
are put in the form of a  curve, they will at first slowly rise and then 
with increasing steepness rapidly become nearly vertical.  However, 
in physiological problems this effect of heat holds only up to a certain 
point, which varies according to the conditions; up to this point an 
increase in  temperature accelerates the  rate  of the  reaction, but  a 
further rise slows the reaction down, thus bringing about the state of 
"optimum temperature." 
Bayliss,  in  his  monograph  on  the  nature  of  enzyme  action, 
holds  that  this  effect of heat  brings  about  a  state  of  coagulation 
of the colloidal particles in the enzyme.  In such a coagulation, if the 
increase  in  temperature  is  not  too  rapid,  there  occurs  a  gradual 
dumping  together  of  the  particles  and  a  lessening  of  the  surface 
over  which  they  are  effective.  Thus  there  would  be  a  tendency 
for the  temperature-velocity curve of  a  physiological phenomenon 
to rise less steeply and the van't Hoff rule to be abandoned. 
From a  comparison with other data cited by Crozier  (Crozier, b) 
one may consider that  the reaction,  or reactions, which this  curve 
(Fig. 3) represents are mainly oxidative in nature.  For other forms 
this same conclusion has been reached in an entirely different manner 
(Harvey,  e).  However,  there  is  apparently  another  factor  which 
enters into a  consideration of the phenomenon, for the values for g 
which are obtained point to a process of hydrolysis which goes on at 
the  same  time  as  the  process  of  oxidation.  It  may be  that  this 
process of hydrolysis is accomplished by some enzyme  in the bacterial 
cell which is not directly responsible for the production of light, but 
which controls some other process linked up  very closely with  the 
general metabolism  of  the  cell  and  which  at  low  temperatures  is 752  LUMINOUS  BACTERIA.  I1 
slower than  that of the luciferin-luciferase reaction,  hence  acts  as  a 
Limiting  factor in the production of light. 
SUMMARY. 
1.  A  method  has  been  described  whereby  the  intensity  of  the 
light of luminous bacteria may be measured in a quantitative manner. 
2.  It  is  pointed  out  that  the  temperature  coefficients for  light 
intensity do not follow the van't Hoff rule,  but are higher  and vary 
with  each  10  °  temperature  interval. 
3.  From a  comparison with other data it is found that  the process 
is not a  simple  one,  but  that  the observed curve is  the  resultant  of 
several reactions which proceed simultaneously. 
4.  The  discrepancies  in  the  temperature  coefficients in  the  neigh- 
borhood of the "optimum temperature"  may be  due to  a  process  of 
coagulation  of  the  colloidal particles  of the  enzyme.  This  coagula- 
tion will tend to cause a deviation of the curve away from that normal 
for chemical reactions. 
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